Metal-organic frameworks (MOFs) are a broad class of porous crystalline materials that show great potential for a wide-range of applications in areas such as energy and environmental sustainability. MOFs can show significant advantages in gas selectivity and separation over traditional adsorbents such as zeolites and activated carbons since they are tuneable both in terms of porosity and chemical functionality. The ability to control the pore environment of the MOF is one of their remarkable advantages and affords control over the structure and properties required for specific applications.
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Introduction

Metal-organic frameworks (MOFs)
2 are a specic subset of coordination polymers, comprised of metal nodes/clusters and organic linkers, which combine together forming porous supramolecular networks analogous to zeolites in structure. The eld of MOFs rst emerged in the 1990s with preliminary work performed by Hoskins and Robson. 3, 4 In 1995 Yaghi et al. [5] [6] [7] used the term "metal-organic framework" for the rst time, showing selective accommodation of guest species in the porous material. Since these early reports, an exponentially increasing number of frameworks have been synthesised and studied, leading to the development of one of the hottest areas of chemical research with over 17 000 papers in the eld published to date, as shown in Fig. 1 . MOFs have attracted extensive and continually increasing interest from both academia and, more recently, industry owing to their unprecedented porosity and structural and functional diversity. Proposed applications of MOFs include separations, 9-11 gas storage, 11 catalysis, 11, 12 sensing, 11, [13] [14] [15] as synthetic precursors to porous materials 16, 17 and as stimuli-responsive materials. 18, 19 A signicant advantage of MOFs over traditional adsorbents such as zeolites and activated carbons is the ability to tailor the pore environment of the MOF which affords control over the structure and properties required for any specic application.
20
Typically MOFs are prepared by solvothermal batch reactions whereby solutions of metal salt and organic linker are heated above the boiling point of the solvent and retained under autogenous pressure for up to one week. 21 This synthetic route has inherent problems as it can produce MOFs of low quality (reduced crystallinity and porosity and non-uniform particle size and morphology, all of which are vital for processing to tailor practical applications). Additional problems include poor reproducibility between batches, long reaction times, large volumes of toxic solvent, and high cost of scale-up along with signicant energy consumption. 22 The development of technologies that reproducibly give high-quality MOFs whilst reducing the cost of manufacture in an efficient and sustainable way is a key enabling step in the transfer of MOF research from the laboratory to industry and the ultimate realisation of the environmental process benets that MOFs offer.
Over the past two decades microwave technology has been investigated as an alternative heating method in the preparation of MOFs with a rapidly growing number of publications in this eld (over 200 papers published to date). 23 Microwave heating is a tremendously exciting route for MOF production as it offers the following benets; considerably reduced synthesis times (from hours to seconds) and therefore signicantly reduced energy consumptions 24, 25 and control over MOF properties (particle size, 24,26,27 morphology 25 and phase-selectivity 28 ). Importantly, through rapid and selective heating, microwave technology has been used to prepare MOFs and MOF-hybrids otherwise difficult to isolate or unobtainable through other synthetic routes. Despite this hugely exciting research, the majority of published approaches have involved generic lab microwave systems and experiments that essentially use microwaves as a mechanism for simply rapid heating of solvent. Chris Dodds is an Associate Professor at the University of Nottingham. He has een years' experience in the design, scale-up and evaluation of industrial microwave processes and an in depth understanding of the interaction of microwave energy with a wide range of materials. He is an inventor on over 25 patents and an author of over 30 journal papers. Together with Prof. Kingman at the University of Nottingham, he has developed extensive experimental facilities for microwave processing research with many hundreds of kW of microwave power available coupled with unique metrology and applicator systems. The same is also true of attempts to process zeolites using microwave heating where a number of laboratory-scale studies have been reported using domestic microwave ovens. 29 In order to facilitate future developments in microwave synthesis of MOFs (and zeolites) beyond the laboratory, greater understanding of the microwave parameters that are essential for scale-up is required. To this end, we present an up-to-date critical survey of literature relevant to MW synthesis of MOFs. This paper is organised as follows: rst the theory of microwave heating and parameters that inform the design of scaled-up MW processes are discussed. Next we provide a comprehensive summary of MOF synthesis using microwave heating and compare materials prepared by this method to those obtained by conventionally heated solvothermal routes. Here we focus on reports of novel results exclusive to microwave heating as it is well-known that for economic impact MWs must be able to achieve outcomes that no other thermal processing method can due to high capital expenditure.
1 Finally we discuss the challenges and current progress towards industrial-scale MW production of MOFs. This review aims to assist the progression of microwave-assisted MOF synthesis research by systematically organising previous knowledge in this area across the reported literature in an accessible and informative manner and by identifying areas for future growth.
The theory of microwave heating and its application to MOF synthesis
In conventional heating energy is delivered to the material (or reaction mixture in the case of MOF synthesis) by conductive, convective or radiative heat transfer. In dielectric or microwave heating, energy is delivered through interaction of the electronic structure of the material with the alternating electric eld. The extent to which the material interacts with the electric eld can be characterised by the dielectric properties of the mixture (specically the dielectric constant, 3 0 , and dielectric loss, 3 00 ). 30,31 3 0 indicates the ability of the material to store energy through a form of polarisation, while 3 00 is the ability of the material to convert the stored energy to heat. 30, 31 At microwave frequencies, two polarisation or loss mechanisms occur, namely dipolar and ionic polarisation. 30, 32, 33 Dipolar mechanisms occur for molecules that have a permanent dipole, such as water and N,N-dimethylformamide. These molecules experience torque which forces them to reorient in the direction of the applied electric eld. 32, 33 Ionic mechanisms occur in solutions containing ions, such as dissolved salts; in this case the cations and anions are displaced by the oscillating electric eld. 30, 32, 33 In both dipolar and ionic polarisation, the species in solution experience frictional forces from neighbouring molecules which is lost as heat. 30, 32, 33 It is important to note that the dielectric properties (3 0 and 3 00 ) greatly depend on a number of factors including, but not limited to, frequency of the electromagnetic eld, temperature, physical state (solid, liquid, or gas), composition and concentration. 30, 32, 33 Therefore, 3 0 and 3 00 may vary considerably during a microwave heating process and determination of their values for each reaction is required for detailed understand of the interaction of the electric eld with the material(s) of interest.
31
The dielectric properties of individual components within the bulk reaction mixture indicate which reactants interact more strongly with the electric eld and thus heat more effectively. Generally, reactants with high values of 3 00 heat well and those with low 3 00 heat poorly. If there are large differences in the dielectric properties, then individual components will be selectively heated and become much hotter than the bulk.
34
Through dielectric properties measurements, Laybourn et al.
showed that aqueous metal(III) salts interact strongly with the electric eld (3 00 > 35), whereas terephthalic acid exhibits little interaction (3 00 < 0.03). These results showed that the aqueous metal(III) salts will absorb more power and, therefore, heat more effectively than the ligand. This was the rst indication of a selective heating process in MOF synthesis by microwaves. Further evidence of a selective heating mechanism in microwave synthesis of MOFs was also provided, for the rst time, by Laybourn et al. 25 Using a specically designed single mode microwave applicator capable of housing a pressure vessel in a well-dened electric eld. The authors showed an increase in yield of MIL-53(Al) (MIL ¼ Materials Institute Lavoisier) with increasing average absorbed power at a constant total absorbed energy. Importantly, the reports by Laybourn et al. showed that while still oen conducted in pressurised vessels and with identical reaction mixtures, microwave synthesis of MOFs proceeds via a different heating mechanism to conventionally heated reactions. Selective heating can be advantageous as it may give reaction products unobtainable through conventional heating and can result in lower production of unwanted sideproducts; this is discussed further in Section 3. Crucially it also gives rise for the potential to signicantly reduce energy consumption in a process as the whole bulk of the reaction mixture does not need to be heated to the same overall temperature as in a conventional process.
As well as governing the ability of the material/bulk reaction mixture to absorb and convert microwave energy to heat, the dielectric properties also directly affect the distribution of the electric eld within the microwave cavity and the power density dissipation, as shown in eqn (1):
where P d is the power density dissipation (W m À3 ), f is frequency (Hz), 3 0 is the permittivity of free space (8.854 Â 10 12 F m À1 ), E is the electric eld strength in the material (V m À1 ).
In addition, the temperature rise resulting from absorption of microwave energy by the material is related to the power density dissipation, as shown in eqn (2):
where c is the specic heat capacity (J kg À1 C
À1
), r is density of the material (kg m À3 ), dT is the change in temperature ( C) and dt is the time increment (s). From eqn (1), it is evident that the power density dissipation varies proportionally to 3 00 and frequency, and by a power of two with the electric eld. Consequently, signicant increases in electric eld strength, frequency and 3 00 will result in greatly increased power dissipation densities and thus heating rates (see eqn (2) ). Therefore, it is essential to quantify the dielectric properties and electric eld distribution when designing microwave cavities as this will control the power density in the heated phases of the material under treatment.
The nal parameter crucial to the development of microwave heated systems is the penetration depth. The penetration depth is dened as the point at which the electric eld reaches 37% of its original value; the amplitude of the electric eld diminishes owing to absorption of the eld by the material and conversion into heat. The penetration depth depends greatly on the dielectric properties of the material, as shown in eqn (3):
where D p is the penetration depth (m), l 0 is the free space wavelength of the incident radiation (m), 3 0 is the dielectric constant and 3 00 is the dielectric loss.
The penetration depth is an important parameter in microwave cavity design as it gives an indication of heat distribution within the material, i.e. whether heating is taking place primarily on the surface of the reaction mixture/material or volumetrically (heating the bulk). To put this into perspective, a typical MIL-53(Al) reaction mixture containing Al 2 (SO 4 ) 3 $18H 2 O (0.77 g, 1.2 mmol), terephthalic acid (0.19 g, 1.2 mmol) and deionized water (6.7 mL) has a penetration depth of 0.38 cm.
25
From this section, it should now be clear that the dielectric properties, power density, electric eld distribution and penetration depth are all vital in microwave processing as these variables underpin the successful integration of microwave energy with chemical reactor systems capable of delivering the required materials, consistently at high quality and at the correct cost base and with minimal environmental impact. The literature presented in the following sections will be reviewed in this context. 84, 85 Early reports typically used microwave heating as a faster route to known MOFs by adapting the conventionally heated solvothermal reaction conditions. Only recently has microwave synthesis been used independently for discovery of new MOFs facilitated by the ability to screen many reaction conditions in a shorter period of time compared to conventional heating routes.
Microwave synthesis of MOFs
51,86-90
The next sub-sections (3.2 to 3.6) of this paper summarise the effect of microwave heating on the reaction conditions and properties of MOFs produced. Where possible, information about microwave parameters such as power, treatment time, and type of cavity (or reactor) have been included and are discussed. However in all reported examples there is no information about the penetration depth and so it is not currently possible to determine whether the bulk synthesis mixture was heated by microwave energy or if the surface was heated by MW and the inside heated through conductive heat transfer. This is a major limitation in much of the literature currently published as it is impossible, without this knowledge, to determine if the systems were actually heated by microwave energy or a shell of the material heated by microwave energy with the majority of the reaction mixture being heated through conductive heat transfer from a microwave heated zone into the bulk.
Inuence of microwave heating on MOF reaction time
The shorter reaction time enabled by microwave treatment has been noted across all synthetic chemistry and was readily apparent in the rst report of microwave synthesis of a MOF in 2005. 91 In this pioneering work Jhung et al. prepared MIL-100 via microwave and conventional routes by heating an aqueous mixture of metallic chromium, trimesic acid and hydrouoric acid in a 1.0 : 0.67 : 2.0 molar ratio to 220 C (the conditions for MIL-100 synthesis were previously established by Férey et al. 92 ). 91 The signicance of microwave heating was demonstrated by a marked reduction in synthesis time without affecting the yield; 44% aer 4 hours reaction in a Mars-5 CEM multimode microwave reactor (power not given) compared to 45% aer 4 days in a conventionally heated oven.
91 Thermo-gravimetric and X-ray diffraction analyses showed the MIL-100 products to be consistent regardless of heating method, however, a slightly reduced pore volume (from 1.16 to 0.97 cm 3 g
À1
) was exhibited by the microwave-synthesised material.
Since 2005, microwave heating has continually been shown to facilitate a progressive reduction in MOF reaction time (in some cases the time is reduced by up to 99.8%, as presented in Table 1 ). Many papers show the ability to synthesise MOFs using microwave energy in the order of minutes. 86 Two reports have also demonstrated the synthesis of MOFs in as little as 25 (1 mL solution heated in a model 520A microwave reactor from Resonance Instrument Inc.) 24 and 4.3 seconds (6.7 mL solution heated in bespoke system with a cavity designed to enable precise control of the power and energy input to the reaction mixture); 25, 34 with the latter representing the fastest reported synthesis of a MOF on the tens of milligram scale to date. 25, 34 3.3. Inuence of microwave heating on MOF crystal size A consequence of the shorter reaction times afforded by microwave heating is the reduction in crystal and/or particle Table 1 Summary of papers reporting a reduction in reaction time for MOF synthesis as a direct comparison with conventional heating HKUST-1 
Step 1 200 step 2 80
All percentages calculated from (MW/CH)
size of MOFs compared to those produced using conventionally heated solvothermal routes. In some cases a 50% reduction in crystal size is observed (see Table 1 above). 93 Unlike conventionally heated routes, a narrower crystal size distribution is also exhibited by MOFs produced using microwave-assisted synthesis.
25
Many research groups have highlighted the importance of particle size and distribution for environmental applications such as chromatographic separations, 102 adsorption, 42,103 catalysis 104-106 as well as for making multiferroics.
107
These results (small crystals and narrow size distribution) have been ascribed to faster kinetics of crystal nucleation and growth owing to hot-spots (or selective heating of components) in the reaction mixture. 97 It has been hypothesised that the hot-spots give rise to a high concentration of nucleation points and thus a large nuclei to reactant ratio. As the crystals grow on these nuclei, remaining reactant is rapidly consumed, resulting in crystal size reduction. 108 In attempts to quantify the effect of heating source on the crystallisation of MOFs, Haque et al. followed a two-step synthesis of MIL-53(Fe) prepared by ultrasound, conventional, and microwave heating methods using ex situ powder X-ray diffraction (PXRD). 97 The authors reported increased acceleration factors (calculated from the preexponential factor in the Arrhenius equation) of 14.8 and up to 53.1 for crystal nucleation and growth, respectively, under microwave conditions (CEM Mars 5 reactor, up to 1200 W, 70 C) compared to conventional heating (70 C). 97 Ultrasound (VCX 750 ultrasonic generator from Sonics & Materials, Inc; power varied at xed reaction temperatures) was also found to have increased acceleration factors (48.7 and 284.2 for the nucleation and crystal growth steps, respectively) compared to conventional heating. 97 However, in the case of ultrasound synthesis, the mode of acceleration is ascribed to cavitation whereby formation, growth, and instantaneous collapse of bubbles in the reaction mixture generates local hot spots.
109
Further kinetic studies by ex situ PXRD have also shown signicant acceleration of crystal nucleation and growth by microwave heating for a range of MOFs. 99, 110 However, all kinetic studies conducted thus far carry a level of inherent inaccuracy. No consideration is given to the inuence of power absorbed by the reaction mixture in the microwave or ultrasound experiments. These approaches also do not take into account the effect of localised microwave heating and simply measure average bulk temperature arising from the differential heating of individual components, coupled with subsequent heat transfer.
In addition to a reduction in crystal size and distribution, many groups have demonstrated the ability to control the crystal size during microwave synthesis. Ni and Masel were able to ne-tune the crystals of IRMOF-1, -2 and -3 on the submicrometre scale by altering the concentration of the reaction mixtures, more dilute mixtures being preferable. 24 Bag et al. showed control over crystal size for a series of isostructural lanthanide MOFs by careful manipulation of the reaction time; 5 minute reactions yielded micro-crystals and longer times (>30 minutes) gave larger crystals similar in size to the conventionally heated solvothermal route. 56 Similarly, Li et al. reported control over IRMOF-3 crystal size by varying the synthesis time. 111 Bunzen et al. 112 and Liu et al. 113 demonstrated control over particle size for MFU-4 and a cyclodextrin MOF, respectively, by variation of reaction time and addition of chemical modulators to the reaction mixture. Reactions involving addition of a modulator with the same chemical functionality as the linker to the reaction mixture in varying amounts is referred to as coordination modulation. 114 Finally, Laybourn et al. tuned the particle size and distribution of MIL-53(Al) during microwave synthesis by altering the absorbed power at a xed energy (250-4000 W; 56 kJ mol À1 , based on water as the solvent)
showing smaller crystals and narrower size distributions with increasing absorbed power. 25 
Inuence of microwave heating on the morphology of MOFs
In most instances of microwave synthesis of MOFs, the morphology (i.e. crystal or particle shape) of products is the same as those produced using conventionally heated solvothermal methods. However, few examples of differences in morphology have been reported. Taylor 116 Reaction times of 0.5 and 2 hours gave 1.5 mm long spindles and shorter, fatter spindles, for the iron oxide materials respectively (see Fig. 2 ).
116 At longer times, the microwave reaction led to the production of yolk-shell octahedra with increasing size until 12 hours where large rod structures were observed (Fig. 2) . 116 In all cases PXRD conrmed production of MIL-53(Fe) in the microwave-synthesis step 116 except for the 12 hour reaction which produced a different, though previously reported phase.
117
Finally, Chouhan et al. reported aggregated rhomboidal crystals and thin needle crystals for a MOF based on 2-pyridyltetrazole and zinc produced by conventional and microwave heating methods, respectively;
118 and rhomboidal (Fig. 3a) and bundled brous (Fig. 3b) nano-sized crystals for the conventional and microwave synthesis of the isostructural cadmium analogue, respectively.
119
Interestingly, although PXRD analyses of the zinc and cadmium 2-pyridyltetrazole MOFs indicated identical crystal structures, the materials produced via microwave and conventional methods exhibited subtly different properties (BET surface areas, UV-vis absorption, and luminescence).
119 As a result of these differences, the microwave products performed better in the studies of photo-catalytic degradation of methylene blue, which the authors attributed to the higher surface area and therefore more accessible reactive sites in the microwave-synthesised MOFs.
Although changes in morphology as a result of microwave heating have been reported, the effect of microwave heating on the growth mechanism is yet to be established.
Inuence of microwave heating on the surface area of MOFs
The surface area varies largely for any given MOF. For example, MIL-53(Al) from commercial sources (tradename: Basolite® A100) is supplied with a surface area ranging from 1100 to 1500 m 2 g À1 . 120 Many factors are known to affect the surface area, including solvent choice, quantity of solvent in the reaction mixture, ratio of metal to linker, choice of metal salt and reaction temperature. [121] [122] [123] Therefore, in order to make a fair assessment of the effect of heating method (conventional solvothermal vs. microwave) on the surface area, comparison between reactions involving the same chemical conditions are required. In these cases, microwave synthesis of MOFs has generally been shown to give products with higher surface areas than those produced via conventional heating routes (see Table  1 and Fig. 4) .
In a comparative study, Khan and Jhung found HKUST-1 synthesised using microwave heating to have a larger surface area and pore volume than the conventionally heated solvothermal product (1080 m 2 g À1 and 0.39 cm 3 g À1 compared to 890 m 2 g À1 , 0.32 cm 3 g À1 , respectively, see Table 1 ). 93 Increased surface areas and pore volumes for MOFs produced by microwave heating compared to conventional heating have also been reported for MIL-101 96 and further examples of HKUST-1 94, 95 values are given in Table 1 . The largest increase in surface area with microwave heating to date was reported by Lou et al.
for a 1,4-naphthalene di-carboxylate based iron MOF synthesised using a WF-4000 microwave reactor (PreeKem Scientic Instruments). 100 In this case a surface area increase of around 40% was observed (see Table 1 ).
100
An increase in surface area for microwave-synthesised MOFs has been attributed to the production of smaller crystals compared to those resulting from conventional heating methods. 99 There are many cases where nano-sized crystals have been found to exhibit greater surface areas than larger MOF crystals.
124 However, few examples of reduced surface areas for MOFs produced by microwave heating have been reported. These include MOF-5, 98 UiO-66 101 and MIL-53(Al) 25 where the reduction in surface area was attributed to trapping of oxidised reaction solvent in the pores of the MOF, 98 a reduction in linker defects, 101 and thermally-induced deterioration of crystal quality at high absorbed powers, 25 respectively. Finally, Kim et al. reported both larger and smaller surface areas for MIL-125 and NH 2 -MIL-125 materials produced using microwave heating (power and reaction time varied) compared to conventionally heated reactions with no clear trend. 125 This result suggests that any effect microwave heating has on surface area is dependent on the specics of the particular synthesis (reactant ratios, solvent systems).
Summary
In Section 3 we have shown that microwave synthesis is an extremely promising route for MOFs as it potentially offers shorter reaction times, and therefore, lower energy consumptions, control over crystallite size and morphology, and can also produce MOFs with higher surface areas than those produced by conventional solvothermal methods. However, despite the huge activity in this area, gaps in fundamental understanding are still prevalent. For example, the underlying effect of microwave heating on morphology, crystal growth and surface area are still not fully understood. Additionally, many of the reported studies use the average temperature of the reaction mixture as a key indicator for microwave heating. In order for the area to move forward the effect of microwave parameters such as electric eld strength and distribution and the dielectric properties must be considered in order to determine if the bulk synthesis mixture was heated by microwave energy.
Microwave synthesis of new MOFs and MOF-hybrids
Background
Microwave heating is advantageous for MOF discovery owing to the ability to screen many reaction conditions in a short timeframe. Additionally, selective heating offers the potential to produce new MOF structures through kinetically driven reactions. This section discusses the use of microwave technology in the preparation of new MOFs and MOF-hybrids.
Phase-selective synthesis of MOFs
MOFs can exhibit multiple phases; that is different arrangements of the same metal nodes and linkers, resulting in fundamentally different crystal structures. In some instances up to 5 separate structural phases have been produced from the same reactants.
126,127 Different MOF phases oen exhibit different properties, notably surface area, therefore production of specic phases is essential for targeting precise properties.
128 Synthesis of specic MOF phases can be achieved through control of pH and temperature, by templating and by microwave heating. 21 For example, Khan and Jhung
28
investigated phase selective synthesis of two MOFs, namely MIL-53(Cr) and MIL-101(Cr), from aqueous reaction mixtures of chromium chloride hexahydrate and terephthalic acid (H 2 BDC). 28 The reaction mixtures were heated to 210 C under autogenous pressure using either conventional or microwave heating for specic time intervals (daily and hourly, respectively) and the ratio of phases was determined by ex situ PXRD analysis. 28 In the early stages of reaction, <1 day for conventional and <3 hours for microwave heating, the kinetically favourable MIL-101(Cr) product was dominant. 28 Longer reaction times (>3 hours) resulted in greater quantities of the thermodynamically favourable MIL-53(Cr) product. 28 The authors proposed a mechanism for the formation of these two phases; MIL-101 forms rst, disassembles, re-assembling to form the MIL-53 phase, as shown in Fig. 5 . 28, 129 Exclusive synthesis of the MIL-101(Cr) phase (termed 'phase-pure') was achieved using microwave heating with reaction times of 1 hour. ), Jhung and co-workers discovered a new tetragonal phase. 26 Alteration of the reaction conditions showed that the cubic phase preferentially forms at low pH, low temperature and especially under conventional heating whereas the tetragonal phase is obtained favourably at high pH, high temperature and particularly using microwave heating (Mars-5 CEM multimode reactor, power input was varied at different stages of the reaction). 26 This result was unexpected as previous reports had shown the denser tetragonal phase to be thermodynamically favourable and the less dense cubic phase to be kinetically favourable and so one would expect the cubic and tetragonal phases to dominate in microwave and conventionally heated reactions, respectively. 26 The authors hypothesised the formation of the denser tetragonal phase under microwave heating to be the result of changes in crystallisation rates for the two phases. 26 
"One pot" synthesis of MOF hybrids
In chemistry, a one-pot synthesis involves carrying out successive chemical reactions in one reactor. This strategy is oen employed to improve the efficiency of reactions as multiple work-up steps are avoided. In MOF chemistry, one-pot synthesis is oen used to prepare MOF-hybrids or MOFs with additional functionality as the porous structure can be further functionalised by the secondary reaction. Examples of one-pot microwave-assisted syntheses of MOF hybrids include; MOFsilica 131, 132 and MOF-alumina 131 composites; a photochromic indium trimesate (trivial MOF name, JUC-120) hybrid lm produced by entrapping guest molecules within the framework;
133 a catalyst for alcoholysis of styrene oxide produced by doping MIL-101(Cr) with phosphotungstic acid; 134 and a heterogeneous catalyst for microwave heated organic coupling reactions comprising of IRMOF-3 doped with silver nanoparticles synthesised from the MOF precursor solution and silver nitrate. 111 In the latter example the sizes of silver nanoparticles were controlled by altering the reaction time. 111 All of these reports are summarised in Table 2 .
Recently Depauw et al. used microwave heating to prepare a mixed metal MIL-53 MOF via a one-pot reaction containing a mixture of chromium and vanadium salts and H 2 BDC linker. 135 Under conventionally heated solvothermal conditions a homogenous framework was produced, however microwave heating led to the formation of an "egg yolk" structure comprising of a Cr/V core surrounded by a pure chromium MIL-53 shell as determined by energy-dispersive X-ray (EDX) spectroscopy mapping shown in Fig. 6 . 
Post-synthetic modication of MOFs
Microwave heating has also been used for the post-synthetic modication (PSM) of MOFs, whereby a pre-formed MOF is altered. PSM is a particularly important technique as it enables further enhancement and ne-tuning of MOF properties for a wide range of applications through inclusion of alternative chemical species/functionalities. [137] [138] [139] Post synthetic modica-tion can be categorised into several types, including modica-tion of the linkers (without changing the structure of the MOF) or metal nodes, incorporation of additional chemical species (also called doping, oen into the pores of the MOF), or modication of the whole MOF structure. Examples of PSM facilitated by microwave heating are now discussed and a summary is presented in Table 3 .
An example of PSM by doping was reported by El-Shall et al. 140 In their work a catalyst for the oxidation of CO gas was prepared by doping MIL-101 with metallic and bimetallic nanocrystals. 140 During the PSM step, metal salts of palladium and copper where allowed to diffuse into the pores of MIL-101 before addition of a hydrazine hydrate reducing agent. 140 This was followed by a 2 minute microwave reaction to yield the nal MOF@nanoparticle materials. 140 Several examples of PSM involving the MOF linker have been reported, in this case an exposed pendant functional group on the linker undergoes chemical reaction. For instance, Bonnefoy et al. successfully graed oligopeptides onto the linker of 3 MOFs using microwave heating. 149 The authors highlighted the diversity of peptide chemistry as a potential route to a large library of MOFoligopeptide materials with potential applications in sensing, catalysis and separation. 149 It is important to note that the ability to produce MOFs with numerous different pendant functional groups on the linker is particularly powerful as it is conceivably possible to perform countless reactions to augment MOFs using this method of PSM. A nal notable example of PSM by microwave heating involves preparation of MOF-polymer monoliths reported by Lin et al. 154 The various MOFs (see Table 3 'MOF-polymer monoliths' for exact details) were suspended in a monomer mixture, loaded into a column and then polymerised by microwave heating to give the MOF-polymer monoliths. 154 The monoliths were tested for their ability to extract and recover penicillin-type compounds in solid phase extraction, with excellent results. 
Summary
From the many examples discussed in Section 4 and summarised in Tables 2 and 3 , it is clear that microwave heating is an effective method for the production of new MOFs and MOF hybrids by phase-selective or one-pot synthesis or through PSM. However, as identied in Section 3 of this paper, there is little understanding of the mechanisms of microwave heating. In particular the effect of microwave energy on MOF crystallisation is yet to be determined.
Towards industrial scale microwave synthesis of MOFs
Background
The diverse and tuneable properties of MOFs offer immense opportunities for economic and environmental impact; for example in the eld of ambient pressure CO 2 capture, 163,164 an industry which is estimated to be worth between $128 billion and $221 billion by 2030. 165 However, current state of the art in industrial manufacture has restricted widespread adoption of MOFs for commercial applications, as at scale they deliver poor quality materials, whilst incurring high energy and capital costs, meaning that many applications are not economically viable. The production of MOFs at large scales is hindered by a combination of chemical, environmental and engineering challenges including; dependence on high temperatures and pressures to give solvothermal synthesis conditions; use of large quantities of toxic, corrosive and highly ammable chemicals; production of acidic by-products, long times required for crystal growth; cost and availability of large scale reaction rigs; and energy requirements. 22 Additional challenges also exist in materials handling, such as; heterogeneous reaction conditions, mixing requirements, reactions that form precipitates; and separation of products aer synthesis.
In order to address these challenges, microwave reactions under continuous ow conditions have recently been developed. This production route has several advantages; the combination of rapid microwave heating and high surface areato-volume ratio for a reaction mixture in a ow reactor leads to improvements in heat and mass transfer and thus signicant reduction in synthesis time; typically less solvent is required; process intensication leads to less energy consumption and safer implementation of harsh reaction conditions; improved control over the synthesis parameters allows faster optimisation of reactions to give reproducible MOF products of high quality; and continuous ow reactors are more scalable and oen greener compared to batch systems.
22
This section focuses on recent research efforts involving the production of MOFs beyond the laboratory scale using microwave technology. Current microwave systems for MOF synthesis on the gram to kilogram scale are presented and their advantages and limitations are discussed. Additionally, the successful development of industrial scale microwave reactors in other sectors is described in order to highlight important considerations and learnings transferrable to the development of an industrial scale microwave process for the synthesis of MOFs. Finally, the economic and environmental implications of industrial scale microwave reactors are discussed.
Current efforts in scaling-up MOF synthesis using microwave heating
The rst continuous ow microwave reactor for the synthesis of MOFs was reported in 2015. 166 The pioneering work by Albuquerque et al. involved laboratory scale preparation of MOF-74(Ni) using a gas liquid segmented ow reactor. 166 Gas liquid segmented ow was used to improve mixing and to prevent blockages in the reactor. 166 The reactor comprises a 1/16 inch tube fed through two sections; a microwave heated zone (see Table 4 for specic details) used for nucleation, and a conventionally heated oil bath zone for crystal growth, as shown in Fig. 7 .
166 Both sections were found to be necessary for MOF production as broad peaks were observed in the PXRD patterns of MOF-74(Ni) prepared without the oil bath zone.
166
The authors reported high conversion of reagents (ca. 96 ).
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Building upon their batch process involving simultaneous heating of multiple discrete vessels containing MOF reaction in a multimode microwave reactor (CEM MARS 5 synthesizer), 101 Taddei et al. investigated the continuous ow microwave synthesis of three MOFs, namely UiO-66, HKUST-1 and MIL-53. 168 The reactor comprises a coiled PTFE tube fed through a CEM MARS 5 synthesizer. 168 The volume of the microwave section of the reactor was altered by changing the number of coils in the tube. 168 Downstream of the microwave heated section, the tube is introduced into a custom-built pressurised 'collector' made of glass, as shown in Fig. 8 . 168 The collector negates the need to ow slurries containing reactants and products through the back pressure regulator, preventing blockages in the reactor. 168 Specic reaction conditions (pressures, solvent systems) and microwave parameters are given in 
168
Using the same reactor (Fig. 8) , 168 Taddei et al. investigated the crystallisation of UiO-66 using high-resolution powder X-ray diffraction by placing the outlet tube (coming out of the microwave heated section) in the focus of the X-ray beam.
170
This experimental set-up enabled in situ monitoring of the reaction aer microwave heating had taken place. The effect of varying quantities of water and acetic acid modulator in the reaction mixture on the yield and crystallite size of UiO-66 was investigated over a range of residence times. No consideration was given to the effect of absorbed microwave energy on the reaction. A constant power of 280 W was applied in all experiments, therefore the reaction mixtures were subjected to varying amounts of microwave energy depending upon the ow rate. Results showed the rate of product formation, yield and crystallite size to be highly dependent on the water/acetic acid ratio and age of metal salt stock solution.
Most recently, McKinstry et al. reported the continuous ow microwave synthesis of HKUST-1 using a PTFE tube (1 mm internal diameter) fed through the side vents of a domestic microwave oven (Logik L20MS10, 800 W). 169 The authors highlighted that alterations to the microwave cavity casing were avoided for safety reasons, 169 however, it is extremely important to note that microwave leakage may still occur even without modication. As electromagnetic wave is attenuated by the reaction mixture (i.e. the amplitude of the electric eld diminishes owing to absorption of the eld by the reaction mixture, see Section 2 for further details) it is possible for the wave to be small enough to pass along the tube and out of the microwave cavity. Consideration and mitigation of microwave leakage is discussed further in Section 5.3. Using their continuous ow microwave system, McKinstry et al. investigated the effect of varying concentration (reported as % of solids) and residence times on the yield and surface area of HKUST-1 with a constant power input of 80 W; a summary of these results is given in Table 4 . 169 As the production rate was found to greatly affect the surface area (a key indicator of MOF quality), the authors used surface area production rates (SAPRs, the amount of surface area of MOF produced per reactor volume and time, m 2 ) for 3 and 15% reaction solids, respectively. 169 Although an STY of 400 000 kg m À3 d À1 is, to the best of our knowledge, the highest value for any MOF produced to-date via any synthesis method, a signicant reduction in surface area indicates production of poor quality MOF. The tradeoff between product quality and rapid, scalable bulk production of MOFs is an important consideration for industrial manufacture.
Development of industrial scale microwave reactors; important factors to consider
Scaling-up microwave systems from the laboratory to industry requires a multi-disciplinary approach and many factors must be considered from a materials processing, microwave design chemical, environmental and economic perspective. It is benecial to transfer key learning outputs from successful development of industrial scale microwave reactors in other processing sectors. An example of this is the microwave treatment of ores for the mining industry, work which has led to the largest mass throughput microwave processing systems ever developed. In their work, Buttress et al. 171 and Batchelor et al.
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demonstrated the necessity for understanding the fundamental parameters required for designing microwave systems capable of a stable and reliable treatment that also meets with occupational health and safety (OHS) and electromagnetic compatibility (EMC) regulations. These parameters (discussed in this paper in Section 2) include (i) dielectric properties, dening the efficiency of power coupling and distribution of the electric eld within the heating cavity; (ii) penetration depth and relationship with reactor design and specication; (iii) power density in the heated phase, which is a direct function of the dielectric loss, the applied frequency and the electric eld strength. All of these variables underpinned the design of microwave cavities capable of delivering the power density distribution (energy per unit volume over the treatment time) needed to produce the required material effect, consistently at high quality and with maximum treatment efficiency. Buttress et al. also noted the importance of using single mode cavities as the interaction between the applied microwave energy and the material is very difficult to characterise in multi-mode systems owing to the complexity of the electric eld pattern. 171 Integration of the microwave cavity with a materials handling system based on ow requirements (e.g. mixing), and chemical compatibility was also essential. For continuous ow reactors, the design of choking structures to conne the electric eld within the microwave system is paramount in order to achieve compliance with safety standards. All of these factors support the successful integration of microwave energy with chemical reactor systems capable of delivering the economic large-scale manufacturing processes at the correct cost and minimal environmental impact.
Current state of the art in industrial manufacture of MOFs has restricted widespread adoption of MOFs for commercial applications, as at scale they deliver poor quality materials, whilst incurring high energy and capital costs, meaning that many applications are not economically viable. Microwave technology can address these challenges through rapid and selective heating, which can increase production rates by orders of magnitude, give controllable product quality and at a reduced energy and potentially capital cost. Furthermore, the cost of MOF production varies considerably depending on the type of MOF, reagents, synthesis temperature, energy and recyclability of reagents; to ensure that the MOFs and reactors being developed are sustainable on a life cycle basis, it is necessary to evaluate their environmental and economic implications from an early stage of development using life cycle assessment (LCA) and techno-economic analysis (TEA). At present, life cycle, environmental and commercial data in the literature are scarce for conventionally heated well-established MOFs and are nonexistent for MOFs synthesised using microwave heating and so further work in this area is much needed. In order for the breakthroughs in research to occur it is our view that there is a requirement to integrate expertise in microwave technology, process engineering design, techno-economic and environmental analyses, and MOF chemistry to deliver a fundamental understanding of the interactions between microwave energy and commercially and scientically important MOF systems. This knowledge could then be used to deliver the highest quality scientic and engineering breakthroughs to underpin the development of novel scalable and sustainable chemical reactor manufacturing technologies based upon integration of advanced electromagnetic design and process intensication techniques. For successful delivery, this work requires innovation at the boundaries of process assessment and engineering, microwave and materials interaction, process design and materials chemistry. If it can be delivered, we propose that it will commercially unlock the use of MOFs for a number of high impact energy and environmental applications.
Conclusions
MOFs are an incredibly large and diverse class of materials. The potentially high commercial value of MOFs arises from their high porosity and tuneable pore environment which gives them an extremely high capacity and high selectivity for gas and hydrocarbon applications. Their proposed applications address challenges in energy, environmental sustainability and innovative healthcare. However, challenges in scaling-up MOF production and their high product and environmental cost compared to traditional sorbents has restricted widespread adoption in industry. Therefore, the development of technologies that reduce the cost of manufacture in an efficient and sustainable way is a key enabling step in the transfer of MOF research from the laboratory to industry.
Microwave (MW) technology shows great promise for scale up of MOF synthesis as it offers benets over other methods including signicantly reduced reaction times (from hours to seconds), high space time yields, and improved energy efficiency. However the most noteworthy advantage of microwave heating is the high level of control over MOF properties such as morphology, particle size and phase; achieved by altering the applied power and treatment time. Further control is realised by altering the reaction chemistry through addition of modulators and/or co-reactants and by varying the solvent. Additionally, microwave heating has been shown to facilitate MOF discovery and has the ability to produce new MOFs and MOF-hybrids that are otherwise difficult to prepare or inaccessible by other synthetic approaches. These advantages demonstrate the applicability and value of microwave heating both at laboratory and industrial scales, through acceleration of MOF design and discovery and as a route to large scale production. However, research in the eld of microwave synthesis of MOFs is dominated by the use of commercially available multi-mode microwave systems and a lack of understanding of the interactions of reactants and MOFs with the electric eld, and crucially, how this informs the design of the scale up processes. MOFs are potential "step-change" materials, but failure to determine this fundamental knowledge thus far explains the general failure in scale-up from the laboratory and to the non-realization of the potential benets offered.
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